Background: Our aim was to investigate the frequency of elevated liver enzymes and NAFLD in patients with known insulin resistance during 15 years of follow-up. Methods: Subjects with insulin resistance were identified from a population-based prospective cohort study in Sweden, Malmö Diet and Cancer Study, conducted in 1991-1996. In all, 285 non-diabetic subjects with insulin resistance established by HOMA-IR (homeostasis model assessment) were invited to do the liver function testing and if elevated, they should be further assessed by radiological examination of the liver, anthropometric measures and blood testing. Results: 165 subjects (57.9%) agreed to do the liver function testing. Of these, 25 subjects (15%) had elevated liver enzymes. After exclusion of other diseases, 5 of the remaining 21 subjects (23.8%) had radiological signs of steatosis. Liver steatosis significantly correlated with ALT (alanine aminotransferase) (p = 0.04), HOMA-IR (p = 0.00) and the metabolic syndrome (p = 0.03). 80% of the subjects with NAFLD had either developed type 2 diabetes mellitus or had impaired fasting glucose and 80% fulfilled the WHO-criteria for the metabolic syndrome, which were of significant differences to the group without NAFLD. Conclusion: The risk of developing elevated liver enzymes and NAFLD at long-term follow-up in insulin resistant subjects is not insignificant, but mainly associated with the simultaneous development of impaired fasting glucose, established diabetes mellitus and/ or the metabolic syndrome.
INTRODUCTION
Non-alcoholic fatty liver disease (NAFLD) is one of the leading causes of chronic liver disease in western countries. It is highly prevalent among individuals with obesity, dyslipidemia, diabetes mellitus and insulin resistance, main features of the metabolic syndrome. The prevalence of NAFLD in the general population in Europe varies between 2% -46%, and reaches up to 70% in people with obesity or type 2 diabetes mellitus [1] [2] [3] [4] . The prevalence of the metabolic syndrome in adults varies between 5% -36% in Europe depending on the criteria used and is increasing, causing considerable morbidity and mortality. The simultaneous presence of the different features of the metabolic syndrome increases the risk of NAFLD [5] [6] [7] .
Radiological imaging is often used to diagnose NAFLD. If ≥20% -30% of the liver is composed of fat, the sensitivity for detecting liver steatosis is 85% and specificity 94% with ultrasound (US) compared to histology, with similar figures for computer tomography (CT) [8, 9] .
NAFLD is a common cause of asymptomatic elevation of liver enzymes, in the majority of cases alanine aminotransferase (ALT) [1, 2] , but the entire spectrum of NAFLD can be seen with normal ALT values [10] [11] [12] .
The histological spectrum of NAFLD ranges from simple steatosis, which seems to have a benign course, to some cases with inflammation (non-alcoholic steatohepatitis, NASH) and cirrhosis. The histological findings are mainly identical to alcoholic liver disease and it is generally agreed that an ethanol intake of 140 grams/week is the maximum allowable level [5, [13] [14] [15] [16] [17] .
Insulin resistance is considered the common pathogenic event linking the metabolic abnormalities with NAFLD, but the causal relation between steatosis and insulin resistance is under debate. Insulin resistance is usually defined as a defect in insulin action resulting in hyperinsulinemia to maintain euglycemia. Visceral adi-pose tissue, which is particularly insensitive to insulin, seems to be of major importance, resulting in an increased delivery of free fatty acids (FFA) to the liver [4, [18] [19] [20] [21] . The prevalence of insulin resistance in the general population is not entirely known. In one study, 5.1% of a normal-weight adult population without metabolic disorders were considered insulin resistant, with increasing prevalence if co-existing metabolic disorders [22] . It is well-known that the majority of patients with NAFLD have insulin resistance. However, the risk of an individual with insulin resistance of developing NAFLD is not known.
Our aim was to investigate the frequency of NAFLD in individuals with known insulin resistance and elevated liver enzymes, without overt diabetes mellitus, at longterm follow-up.
PATIENTS AND METHODS

Study Design
Malmö Diet and Cancer Study (MDC) is a populationbased prospective cohort study which was conducted between 1991 and 1996 in a city in southern Sweden with approximately 240,000 inhabitants at that time. Women born between 1923 and 1950, and men born between 1925 and 1945 were invited to participate. Baseline examination comprised assessment of dietary habits, lifestyle factors, medication and previous and present medical history with a self-reported 141-item questionnaire. Blood samples were drawn and a medical examination conducted. 28,098 participants were examined, 17,035 were women (60.6%, with a mean age of 57.5 years) and 11,063 were men (39.4%, with a mean age of 59.3 years).
A subpopulation, a random sample of 50% of the MDC cohort, consisting of non-diabetic subjects without a history of myocardial infarction, stroke or diabetes mellitus was further examined. Insulin resistance was calculated for each individual as HOMA-IR, the homeostasis model assessment of insulin resistance (fasting insulin x fasting blood glucose/22.5). Subjects whose values of HOMA-IR exceeded the gender-specific 75 th percentile (i.e. 1.80 for women and 2.12 for men) were considered insulin resistant (n = 1189). In line with this metabolic disorder insulin resistance was associated with a higher risk of myocardial infarction and death [23] .
In a subsequent study, a stratified sampling according to the HOMA-IR levels above was performed. 40% of the individuals with insulin resistance were invited and re-examined in 1999-2000. Individuals who had developed diabetes mellitus or with missing information were excluded in this study [24] .
The insulin resistant subjects without diabetes mellitus who participated in both of the above studies, were identified for our study. After initial exclusion (Figure 1 ) 285 were invited to blood sampling including liver function tests (LFTs: aspartate aminotransferase (AST), alanine aminotransferase (ALT), gamma-GT, bilirubin, alkaline phosphatase (ALP) and PK-INR). Subjects with elevated LFTs were invited to further assessment including clinical examination, anthropometric measures, blood samples for analysis and radiological examination of the liver (US or CT due to local availability).
To estimate the frequency of diabetes mellitus and NAFLD among all the excluded subjects (Figure 1 Finally we retrieved data from the re-evaluation in 1999-2000 from 140 excluded subjects with normal LFTs (including BMI, blood pressure, HOMA-IR, total cholesterol and triglycerides) [24] .
The study was approved by the Ethics Committee at Lund University. 
Baseline Examination
Patients with elevated LFTs were invited to further assessment. Baseline examination was conducted by two physicians. Height (cm) and weight (kg) were measured, and BMI calculated (kg/m 2 ). BMI > 25 was classified as overweight and BMI > 30 as obesity. Hip and waist circumference (cm) were measured and waist-hip-ratio calculated. Blood pressure (mm Hg) was measured twice in the supine position. A physical examination was performed. A complete medical history was obtained, including questions about alcohol intake. The average alcohol consumption was calculated in grams of ethanol per week and intake was assessed biochemically with CDT (carbohydrate-deficient transferrin). An ethanol consumption of >140 grams/week was regarded as over-consumption. Smoking was classified as never, former or current smokers. Biochemical analysis included a second control of LFTs (ALT, AST, gamma-GT, bilirubin, ALP and PK-INR) together with total cholesterol, high density lipoprotein (HDL)-cholesterol and fasting triglycerides. Fasting plasma glucose and fasting serum insulin (enzyme immunometric assay) were analysed. Insulin resistance, indirectly measured as HOMA-IR, was re-calculated. To rule out other causes of chronic liver disease hepatitis B and C serology, serum iron, TIBC (total iron binding capacity), ferritin, serum gamma globulin (immunoglobulin G, A and M), ceruloplasmin, haptoglobin, alpha-1-antitrypsin and antimitochondrial (AMA), antinuclear (ANA) and smooth muscle (SMA) antibodies were analysed.
All blood tests were analysed in our central laboratory using standard reagents.
US or CT of the liver was performed and assessed regarding steatosis, focal changes, portal hypertension or other findings, indicating fibrosis or cirrhosis.
Defining the Metabolic Syndrome
The WHO clinical criteria for the metabolic syndrome was used, where insulin resistance (including established type 2 diabetes, impaired fasting glucose or glucose tolerance) co-exists with at least 2 of the following: Antihypertensive medication or high blood pressure (systolic blood pressure ≥ 140 mm Hg and/or diastolic blood pressure ≥ 90 mm Hg), elevated plasma triglycerides (≥1.7 mmol/L) and/or low HDL cholesterol (<0.9 mmol/L for men, <1.0 mmol/L for women), BMI > 30 and/or high waist-hip ratio (>0.90 for men, >0.85 for women), and high urinary albumin excretion (not applicable in our study) [6, 7] .
Statistical Analysis
SPSS Statistics version 19.0 was used for the statistical analyses. Categorical data are presented as number (percentage). Continuous data are presented as mean ± standard deviation (SD) and medians (range). Spearman's rank correlation coefficient was used for nonparametric measure of association. The non-parametric Mann-Whitney U-test was used to calculate significant differences between groups (NAFLD versus non-NAFLD). A p-value < 0.05 was considered statistically significant.
RESULTS
Patients
305 subjects with insulin resistance were identified from the MDC cohort. After initial exclusion (Figure 1) 285 were invited by mail to leave blood samples for LFTs, which 165 (57.9%) did. Of these, 25 (15%) had elevated LFTs and were invited to further examination. One individual was later excluded due to suspected dementia, leaving 24 subjects enrolled for baseline examination. Two patients were excluded due to over-consumption of alcohol and one due to chronic hepatitis C. The remaining 21 patients (12.7%) were included in the statistical analysis ( Table 1) . Follow-up time was up to 17 years from the inclusion in the MDC cohort.
Liver Complications
All of the 21 patients underwent radiological examination of the liver (US or CT). Of these, 5 (23.8%) had radio- Liver steatosis significantly correlated with ALT (p = 0.04), HOMA-IR (p = 0.00) and the metabolic syndrome (p = 0.03), when using non-parametric correlation test ( Table 2) .
When comparing the groups with and without NAFLD there was a significant difference in ALT (p = 0.04) and HOMA-IR (p = 0.00), with higher values in the NAFLD group ( Table 3) .
Metabolic Characteristics
Since the re-investigation in 1999-2000 four patients (19%) had been diagnosed with diabetes mellitus and three patients (14.2%) had impaired fasting glucose (6.1 -7 mmol/l) at enrolment ( Table 1) . In summary, 80% of the patients with NAFLD had either developed diabetes mellitus or had impaired fasting glucose, compared to 18.8% in the group without NAFLD, a significant difference between the groups ( Table 3) .
Eight patients (38.1%) were diagnosed with the metabolic syndrome and 50% of these were diagnosed with NAFLD. 80% of the patients with NAFLD met the criteria for the metabolic syndrome, compared to 25%, also a significant difference between the groups ( Table 3) .
There was no significant difference in the occurrence of overweight and obesity between the patients with NAFLD and the patients without NAFLD.
Excluded Patients
None of the 284 patients who were excluded had an inpatient diagnosis of NAFLD. 2.1% had an inpatient diagnosis of diabetes mellitus type 2 and 1.8% had an inpatient liver diagnosis other than NAFLD.
When comparing anthropometric and laboratory data from the re-investigation in 1999-2000 between the included 21 subjects with elevated LFTs and the excluded 140 subjects with normal LFTs we found no significant differences in BMI, systolic or diastolic blood pressure, HOMA-IR, total cholesterol and triglycerides between the groups using the non-parametric Mann-Whitney Utest (data not shown).
DISCUSSION
Insulin resistance and NAFLD are closely linked. We have demonstrated that long-term insulin resistance alone carries a limited risk of at least moderate liver steatosis. The risk increases when associated with impaired fasting glucose or diabetes mellitus.
Only a minority of subjects (15%) with insulin resistance had elevated liver function tests at long-term follow up. The frequency of NAFLD diagnosed radiologically in insulin resistant subjects with elevated liver enzymes, when the concomitant liver disease had been excluded, was 23.8% in our study. All of the affected subjects had either diabetes mellitus, impaired fasting glucose or fulfilled the criteria for the metabolic syndrome.
The strength of this study was the long follow-up time, in some cases up to 17 years. We also had a high re- a Metabolic syndrome is defined according to the WHO criteria [7] . a Metabolic syndrome is defined according to the WHO criteria [7] ; b Impaired fasting glucose (fasting plasma glucose 6.1 -7 mmol/l).
sponse rate at nearly 60% at invitation. However, the study is limited by a small sample size. One would expect a higher frequency of NAFLD in a high risk population of insulin resistant subjects than in the general population. We defined NAFLD as a positive radiological finding meaning that at least 20% -30% of the liver is composed of fat [8, 9] . Histologically steatosis is commonly evaluated semi-quantitatively assessing percentage involvement by steatotic hepatocytes: score 1 (mild, 5% -33%), 2 (moderate, 33% -66%) and 3 (severe, >66%) [15] . With US and CT we have been able to diagnose patients with moderate and severe steatosis. There is of course a possibility that the frequency of NAFLD could be higher if patients had been biopsied. In a previous study by Mathiesen et al., it was also conducted in Sweden the prevalence of steatosis was 40% among subjects who underwent liver biopsy due to asymptomatic slightly-moderately elevated LFTs of all causes [25] . More newer sensitive non-invasive techniques like magnetic resonance spectroscopy have come to clinical usage after this study is designed, which could strengthen the results it had been used. Still it is obvious that insulin resistance alone does not lead to liver steatosis in the majority of patients.
The role of insulin resistance in NAFLD is complex. Both hepatic and systemic insulin resistance are strongly associated with NAFLD. Visceral fat may be of higher importance than whole body fat, possibly since the former is released directly into the portal vein. In an insulin resistant state, inability of insulin to suppress lipolysis leads to increased flux of free fatty acids to the liver from adipose tissue. Increased de novo lipogenesis and increased intake of dietary fat contribute to the development of NAFLD. In a fatty liver the ability of insulin to inhibit hepatic glucose production is impaired leading to hyperglycemia and further insulin resistance [21, [26] [27] [28] . In our study waist circumference, which is a surrogate marker of visceral adiposity, the occurrence of diabetes mellitus/ impaired fasting glucose and the metabolic syndrome was significantly higher in subjects with NAFLD.
One limitation to the interpretation of the role of insulin resistance is the measure of HOMA-IR, an approximation of insulin resistance often used in large epidemiological studies. HOMA-IR reflects the balance between insulin secretion and hepatic glucose output in a basal fasting state. The model has been compared to well-validated methods including euglycemic clamp, and there is a good correlation between these tests. Insulin secretion, however, is pulsatile, and a single measurement is not as reliable as a mean of three [29] . There is no world-wide standardized cut-off level for HOMA-IR in diagnosing insulin resistance and the insulin assay differs between countries. According to the WHO criteria for the metabolic syndrome, insulin resistance is defined as the lowest 25% glucose uptake in the background population in the hyperinsulinemic euglycemic clamp [6, 7] . In our study all the included subjects were in the upper quartile of HOMA-IR in a previous study from the original MDC cohort and were classified as insulin resistant [23] . They had significantly higher BMI, waist circumference and blood lipids than the lowest quartile. Patients with previously known diabetes mellitus were excluded from our study and many had died from cardiovascular disease, leaving a selection of more healthy subjects to be enrolled in our study. However, this rather strengthens the focus on insulin resistance per se.
Insulin resistance may change over time. Recently, a large Korean prospective study among healthy subjects also explored the risk of developing NAFLD in non-diabetic subjects. After 5 years 13% had developed NAFLD, diagnosed with ultrasound. These subjects were older, more obese, had higher insulin levels and liver enzymes at baseline and follow-up than subjects who did not develop NAFLD. Subjects with high insulin levels at baseline and low at follow-up had a similar risk of developing NAFLD as subjects with sustained low levels of fasting insulin [30] . In our study five subjects were at enrolment now below the previous gender-specific 75 th percentile of HOMA-IR in the MDC cohort (i.e. 1.80 for women, 2.12 for men, adjusting for fasting plasma glucose to the previous method of fasting blood glucose), and none of these subjects developed NAFLD, which corresponds to the results in the Korean study.
Another limitation is that subjects with insulin resistance and normal LFTs might also have NAFLD. ALT is a commonly used surrogate marker in screening for liver disease. In the majority of cases with NAFLD an asymptomatic elevation of LFTs is found and previous studies have shown an association between ALT and NAFLD [10] . In our study we confirmed previous results and found a significant correlation between NAFLD and ALT. The entire spectrum of NAFLD can occur despite normal LFTs, however, the grade of steatosis has been shown to correlate to higher ALT [11, 12] . Ekstedt et al. showed in a previous Swedish study that patients with biopsy-proven NAFLD and elevated LFTs had a risk of developing end-stage liver disease at long-term follow-up [31] . Patients with more progressive liver disease had a higher prevalence of insulin resistance, quantitatively more steatosis, more weight gain and higher LFTs than patients with a more benign course. It is therefore unlikely that we have missed a large proportion of individuals with significant and severe NAFLD among the ones with normal liver enzymes. Using the Swedish National Board of Health and Welfare's National Patient Register for inpatient diagnoses we did not find any excluded patients (including patients with normal LFTs) who had been diagnosed with NAFLD and the prevalence of diabetes mellitus was very low.
We found no significant differences regarding BMI, blood pressure, HOMA-IR or lipids at the re-evaluation in 1999-2000 among the subjects who were excluded due to normal LFTs (n = 140) and the included patients (n = 21). Longstanding insulin resistance measured as HOMA-IR seems therefore not to be enough to develop elevated LFTs and NAFLD. Progression of insulin resistance to impaired fasting glucose and eventually established diabetes mellitus seems to be of importance in the pathogenesis of NAFLD, as indicated in our study, possibly because of a combination of systemic and hepatic insulin resistance.
In conclusion, the risk of having at least moderate liver steatosis after more than a decade of insulin resistance is not insignificant, but mainly a risk if associated with established diabetes mellitus, impaired fasting glucose and/or the metabolic syndrome.
